The Sieniawa Lignite Mine, situated between Łagówek and Sieniawa in western Poland, has been operating for nearly 150 years. This territory was strongly affected by the Scandinavian ice sheets during the Pleistocene. The depth of these deformations reaches the main and currently exploited lignite seam of Miocene age, the second Lusatian lignite seam (LLS-2). Analysis of drilling profiles and observations of the lignite opencast walls allow documentation of the diversity and abundance of glaciotectonic deformation structures within Neogene and Quaternary sediments, which include upright and recumbent folds, normal and reversed faults, complementary joint sets, injection structures as well as shear surfaces.
INTRODUCTION
Mining operations between Łagówek and Sieniawa in western Poland have been active for over 150 years ( Fig. 1) , first as underground and later as surface activities. In 1853, the lignite mine was first established by German owners in Sieniawa but exploitation on an industrial scale only began in 1873. Annual lignite production from this mine periodically reached 0.08 Mt before World War II [3, 8, 9] . The mine was partially destroyed during the war and taken over by a Polish crew shortly thereafter. The Sieniawa Lignite Mine reactivated lignite production in 1950. Annual lignite production ranged between 0.002 and 0.2 Mt, reaching a maximum of 0.211 Mt in 1982. In recent years, lignite production has been less than 0.1 Mt with 0.07 Mt extracted in 2016 [9, 10] . Lignite was mined using the underground method until 1997. Surface exploitation of lignite commenced in 1979 and continues to present [3, 8, 9] . The location and order of the mined lignite saddles are shown in Fig. 1 . Fig. 1 . Location map [3, 8, 9] ; A-B -cross-section shown in Fig. 2 ; I-XIII -numbers of lignite saddles (anticlines); 1-17 -order of exploited lignite saddles; dotted lineselongation of lignite saddles; grey areas -underground mining (1-13); white areassurface mining (14) (15) (16) (17) More than 150 lignite occurrences have been documented in Polan d. However, only a few tens of them may be important for the Polish mining and electrical industries [7, 13] . At the end of 2016, the total minable geological resources amounted to 23.45 Gt, and 60.3 Mt of lignite was exploited in that year [10] . Therefore, the aforementioned 0.07 Mt mined by the Sieniawa Lignite Mine plays only a minor role in Polish lignite mining [13] . However, the lignite deposits located in Łagówek and Sieniawa are the most glaciotectonically disturbed lignite deposits in the world [2, 4, 7, 9, 11, 12, 14] . Lignite deposits (saddles) are easily studied due to the fact that they have been exploited in shallow opencasts for years and will continue to be mined for many years to come. Hence, the current study presents the basic structural characteristics of the numerous and morphologically varied deformations in the area at both the macro-and mesoscale.
DATA AND METHODS
Cross-sections included in this study are based on borehole data obtained from the archive of the Sieniawa Lignite Mine. A large number of borehole profiles were initially analysed, but only a dozen of them were selected in order to construct four cross-sections through the recently exploited lignite saddles IX and VIII. These cross-sections reveal the macroscale glaciotectonic structures in the region. Mesoscale glaciotectonic deformation structures were observed in the opencasts that belonged to the Sieniawa Lignite Mine in 2010-2015. At this time, lignite from saddle IX (already closed) and VIII (currently operating) was mined successively. During the field studies, the most interesting structures were observed, measured and documented photographically. Moreover, the elongation of the lignite anticlines (saddles) were measured in order to reconstruct the direction of ice sheet movement.
GEOLOGICAL SETTING
In the Łagówek-Sieniawa territory, the top of the sub-Cenozoic basement is built of marls and limestones of Cretaceous age. Palaeogene sediments present evidence of the presence of early Oligocene deposits (i.e., glauconitic sands of marine origin), which only occasionally take part of the examined glaciotectonic disturbances (Fig. 2) . The study area and most of central Poland was subjected to regional uplift during the late Oligocene [11, 15] . Mineral and organic sediments were deposited from the early to mid-Miocene. The second Lusatian lignite seam (LLS-2) accumulated under relatively steady and long-lasting subsidence conditions in the midMiocene. These lignites and accompanying Neogene-age deposits were strongly affected by glaciotectonics (Fig. 2) . Similarly, Quaternary glaciogenic deposits of mostly Pleistocene age were significantly deformed by the Scandinavian ice sheets. Glaciation events in this region are represented as three groups: South-Polish -Elsterian; Mid-PolishSaalian and North-Polish -Weichselian. The majority of Pleistocene sediments include glacial tills, glaciofluvial sands, gravels and lenses of glaciolacustrine silts ( Fig. 2 ) [3, 8, 15] . 
MACROSCALE GLACIOTECTONIC DEFORMATIONS
The macroscale deformation structures are most visible on cross-sections that contain sections from one or a few lignite anticlines and/or synclines. It is worth noting that only the highest parts of lignite saddles, located above the first groundwater level, are available for direct observations. for location see Fig. 3 and for explanations see Fig. 4 On the other hand, the lignites are clearly folded in the range of 100-150 m. The difference between the two lignite saddles is that the continuity of the lignite seam in saddle IX is interrupted by Quaternary erosion processes (Figs. 4, 5 ).
Thrusts
Macroscale thrusts are also common in the study area and are presented on numerous cross-sections in the literature [2-5, 11-12, 14-15] , as well as those included here (Figs. 2, 10c ). These thrusts represent the final stage of the aforementioned fold development. Simply speaking, the folded deposits are sliced and/or imbricated under conditions of further horizontal compression [1, 5, 6] . Thus, the continuity of layers, including those in the investigated lignite seam, is broken (Figs. 2, 10c ).
MESOSCALE GLACIOTECTONIC DEFORMATION STRUCTURES

Folds
Mesoscale folds outcrop clearly in the Sieniawa lignite opencast mine although only the uppermost, positive segments of the lignite folds (i.e., anticlines or saddles) are available for direct observation (Figs. 6, 7) . The folds are mostly upright and symmetrical, and their axial zones are often made of lignite (Figs. 6, 7a, 7c). In some cases, the axial zones are made of sands that underlie LLS-2 ( Fig. 7b) . Additionally, the internal structure of the folds is disturbed and the lignite layers are sometimes very strongly folded (Fig. 6b) . The Quaternary sediments are also folded, however, in contrast to the aforementioned folds of the Neogene deposits, these folds are much more overturned and even recumbent (Fig. 8) . The presented example (Fig. 8) shows two levels of glacial tills. Because of the colour contrast between the grey (Saalian) and brown (Weichselian) tills, the geometry of the recumbent fold and its internal structure are clearly visible (Fig. 8) . 
Faults and thrusts
In addition to the glaciotectonic discontinuous deformation structures in the Sieniawa lignite opencasts, various types of faults were also observed (Fig. 9) . Due to the compressive nature of glaciotectonics, reverse faults are obviously more common than normal faults. Both types occurred within the Neogene and Quaternary, as well as within the mineral and organic sediments (Fig. 9) . Thrusts are difficult to observe and document in the field because they define the limits of lignite mining, but fortunately, this was achieved in saddle VII of the Sieniawa lignite opencast in 2015 (Figs. 10a, 10b ). This thrust plane is the boundary between the Quaternary sands (footwall) and Neogene lignites (hanging wall), and may correspond to the situation shown on the geological section through saddle IX in Fig. 10c . 
Complementary joint sets
Two joint (break, fracture, shear) sets that intersect symmetrically about a plane or line are called complementary joint sets. Such sets of shears, which intersect at an angle of about 60°, were documented in the Sieniawa lignite opencast (Fig. 11a) and indicate that the principal stress was almost vertical in this case. The formation of the fold within which these joints are present was therefore similar to that of the salt diapirs (i.e., by the process of bending) [6] .
Injection structures
Injection structures are rather rare among glaciotectonic deformation, however, such structures are known from lignite-bearing areas [5] . The characterised injection is composed of lignite and surrounded by sands that originally underlay LLS-2 (Fig. 11b) . A compression mechanism is suggested to have formed this injection due to its glaciotectonic origin [8] . The formation of the injection structures was similarly explained in eastern Germany [5] . 
Shear surfaces
The last large-scale structure is a nearly horizontal shear surface, which determines the boundary between the two tills of the mid-Polish and north-Polish glaciations (Fig. 11c) . Furthermore, the steeply arranged sands and gravel are clearly cut by the shear surface. Its position indicates the contact zone between the top layers of the pre-glacial surface and the base of an advancing ice sheet. In other words, this is a zone where the simple shear occurred [1, 6] .
Direction of ice sheet movements
The direction of the Scandinavian ice sheet movement was determined according to the orientation of the macroscale glaciotectonic deformation in the study area.
The elongation of the lignite saddles (50 segments) was taken into account. The mean azimuth of nine saddle axes was first graphically drawn, then measured and finally calculated statistically (Tab. 1). 
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Calculations were made according to the fundamental assumption that the ice sheet transgression was perpendicular to the strike of the lignite saddles (i.e., anticlines) [1, 5, 6] . Thus, the direction of the ice sheet advancing to the area between Łagówek and Sieniawa was calculated by adding and subtracting 90° from the results listed in Table 1 . The results indicate that the Scandinavian ice sheet or ice sheets came to the study area from the azimuth 23° to 203°, which is approximately NNE to SSW [8, 9] .
CONCLUSIONS
This study is exclusively dedicated to glaciotectonic deformations in the area between Łagówek and Sieniawa in western Poland. The following conclusions can be drawn based on the analysis of boreholes and walls of the Sieniawa lignite opencasts. First, the study area was affected by Scandinavian ice sheets during the Pleistocene. This occurred at least a few times in episodes representing the SouthPolish (Elsterian), Mid-Polish (Saalian) and North-Polish (Weichselian) glaciations. The Neogene and Quaternary sediments were strongly disturbed glaciotectonically to a depth exceeding 200 m. The deformation reached the Miocene-aged LLS-2, which has been continuously mined for nearly 150 years. Both archival data and field observations allowed identification of numerous glaciotectonic deformation structures at the macro-and mesoscale. These structures include upright and recumbent folds, normal and reversed faults, complementary joint sets, injection structures and shear surfaces.
The direction of the Scandinavian ice sheet movement was also determined based on the orientation of lignite saddles. The ice sheet or sheets advanced into the study area from approximately the NNE to SSW direction (azimuth 23° to 203°) [8, 9] . In summary, this paper provides evidence that lignite deposits in the Łagówek-Sieniawa area are completely disturbed by glaciotectonics. It is likely that these deposits are the world's most glaciotectonically deformed lignite deposits under current exploitation. The examined deposits can therefore be distinguished as a separate genetic type, i.e. glaciotectonic type of lignite deposit [2, 7, 12] .
